Abstract-We demonstrate a rapidly frequency-tunable radio frequency (RF) filter using microwave photonics technology for ultrawideband RF spread spectrum applications. A pair of electro-optic frequency combs is arranged as a dispersive tapped delay line in a differential detection configuration to implement a programmable finite impulse response RF filter. Our photonic scheme enables both fast frequency tuning on the order of tens of nanoseconds and wide tuning range (>7.5 GHz) with minimal variation of RF gain and passband shape. The low control voltage (ca. 1 V) and the linear relationship between control voltage and passband frequency facilitate agile frequency tuning for processing of signals with time-varying frequency content, while differential detection increases the photocurrent by a factor of two and suppresses common mode intensity noise. We exploit the rapid tunability of the implemented filter to demonstrate dynamic tracking of frequency-hopped and chirped RF signals. An experiment that performs dynamic filtering of an input chirp signal (3.92-GHz center frequency, up-chirped by >2 GHz within 100 ns) obscured by strong broadband noise achieves ∼11-dB signal-to-noise ratio (SNR) improvement. The SNR obtained is in addition to that available from standard matched filtering or pulse compression processing, suggesting strong potential for enhanced resistance against broadband noise jamming.
I. INTRODUCTION

F
OR many decades, wireless technology has been significantly developed for a variety of wireless applications such as communications, sensing, imaging, and ranging. In addition, increasing radio frequency (RF) bandwidth is required for providing high speed and enhanced quality of wireless services. As wireless technology becomes more mature, the applications that utilize this technology in government, industry, and the military are requiring increasingly larger frequency resources for supporting broadband wireless services. However, the RF spectrum is crowded and frequently electromagnetic interference can be a significant problem, especially in unlicensed frequency bands. Also, jamming noise can be intentionally used to attack or interrupt electronic systems. In such harsh wireless environments, RF spread spectrum technology has been used for secure and reliable wireless communications because the signal-to-noise ratio (SNR) can be increased by a processing gain that is achievable using various frequency modulation and phase coding techniques [1] . For example, the IEEE 802.15 Task Group 4a selected chirp spread spectrum technology for wireless communication at the 2.4 GHz unlicensed band where interference is more severe [2] . In addition, frequency agility provides strong resistance to interference and jamming in wireless systems such as a cognitive radio and frequency-hopping spread spectrum [3] , [4] . These systems can tune an operating RF frequency and thus can avoid jamming and interference. For frequency-agile RF systems, a frequency-tunable RF filter is one of the key RF components and has been extensively developed by means of electronics and photonics technologies. In electronics, various tuning elements such as yttrium iron garnet (YIG) resonators, RF microelectromechanical systems (MEMS), and semiconductor varactor diodes have been used to design continuously tunable RF filters [5] - [13] . So far, the YIG filter has been widely and practically used because it has wideband tuning range capability and good selectivity [5] . However, it has a slow tuning speed on the order of milliseconds. The RF MEMS filter has high linearity and wide tuning range [6] - [11] . However, the tuning speed is slower than 1 μs [6] . The semiconductor varactor diode has a fast fundamental tuning speed in the order of nanoseconds [7] , [12] , [13] . However, the actual tuning speed of the varactor-based RF filter is limited by the time constant of the bias network. In [13] , for example, the measured tuning speed in the RF filter was 120-720 ns for a 40-MHz frequency shift at a center frequency of 2.85 GHz. Because of the narrow capacitance range of varactor diodes, the filter tuning range was limited to <1 GHz. Furthermore, these filters require very high control voltage to adjust and actuate the varactor capacitance and MEMS diaphragm, respectively. The control voltage ranges are 0-30 V for varactor diodes and 0-120 V for MEMS [11] , [12] . The tuning speed of the schemes is also limited by the bandwidth of a source or an amplifier requiring for generation of a high voltage control. In addition, the high control voltage change causes the nonlinear tuning relationship between the filter frequency and control voltage [12] , [14] .
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provide high flexibility over a large RF bandwidth. An earlier tapped delay line scheme based on a finite impulse response filter design utilized a single-wavelength laser and multiple delay lines [15] . In each of the delay lines that act as multiple filter taps, the filter taps for amplitude and phase can be controlled by the optical power and the length of the delay line, respectively. By setting the filter tap coefficient, this scheme has the potential to implement an arbitrary filter response over a large frequency range. However, it was difficult to control the filter tap coefficient and to scale the number of filter taps. Dispersive-tapped delay line schemes using multiwavelength sources and a single dispersive medium such as a dispersive fiber or chirped fiber Bragg grating have been proposed and demonstrated [16] - [21] . Among various multiwavelength sources, spectrally sliced noise sources and electro-optic (EO) frequency combs provide good scalability of the filter taps. The sliced noise source enables cost-effective filter implementation [19] - [21] . However, the incoherent property of the noise source limits filter RF performance. The EO comb source [22] - [29] provides one good choice for the dispersivetapped delay line schemes [16] because it can provide many dozens of evenly spaced optical frequencies with gigahertz repetition rate, good spectral flatness, high coherence, and low noise. In conjunction with a programmable pulse shaper that enables precise control of the individual filter taps, programmable filters with arbitrary amplitude and phase responses can be realized [16] , [30] - [32] . Although not adopted here, it is worth noting that through self-phase modulation-based spectral broadening of the EO comb in a highly nonlinear fiber, the number of optical comb lines and hence filter taps can be further increased, as in recent demonstrations of RF photonic phase filters with over 160 filter taps [30] , [31] . In these schemes, frequency tuning has been achieved by means of a variable optical delay line or phase shaper within an interferometric configuration. Recently, Supradeepa et al. [33] introduced a dual-comb configuration to the dispersive-tapped delay line scheme, enabling fast filter frequency tuning in the order of tens of nanoseconds (<40 ns). However, because it was not optimized for RF performance, the RF insertion loss was high (e.g., ∼40 dB at 0.5-mA photocurrent). Furthermore, a periodic optical notch filter was implemented by a differential phase shift keying demodulator to eliminate a filter baseband response; during filter frequency tuning, it caused unwanted RF gain variations due to the periodic optical notch filter response.
In this paper, we demonstrate a rapidly frequency-tunable RF photonic filter using a dual-comb configuration for ultrawideband RF spread spectrum applications. Here, for the first time in this dual-comb scheme, we exploit differential detection, increasing RF gain by a factor of two and suppressing common mode intensity noise [20] , [34] , [35] . In addition, the optimization of the filter configuration using the dual-comb source provides much better RF gain; gain up to ∼1 dB is achieved, which is similar or slightly higher than that obtained with a single-comb source in [34] (e.g., RF gain ∼0 dB). Instead of the previous periodic optical notch filter, here we suppress the filter baseband response by setting the bias point of the Mach-Zehnder modulator (MZM) at Configuration of the RF photonic filter using dual-comb configuration and differential detection. PBC: polarization beam combiner and PBS: polarization beam splitter. minimum transmission. This eliminates any significant gain variation during tuning of the filter and also significantly reduces intensity noise [36] , [37] . Unlike typical MEMS and varactor-based tunable filters, our scheme needs only a low control voltage (<2 V) and provides tuning that is substantially linear in the control voltage over a several gigahertz range.
In this paper, for the first time, we begin to explore ultrabroadband RF spread spectrum applications of our rapidly tunable filter. We exploit the agility of the dual-comb filter to track frequency-swept or frequency-hopped RF signals over several gigahertz bandwidths on submicrosecond time scales. Proof-of-concept experiments using our agile dual-comb RF filter are successfully performed to track the instantaneous frequency of frequency-agile RF signals. Broadband noise that does not follow the frequency variation of the signal of interest is effectively suppressed because the instantaneous bandwidth of the tracking filter is narrower than the overall signal bandwidth. We perform a jamming experiment in which broadband noise is intentionally overlaid on a frequency-swept RF signal within a frequency range of 2.6-5.2 GHz; an SNR improvement of ∼11 dB is demonstrated through dynamic RF filtering. To the best of our knowledge, this is the first demonstration of submicrosecond dynamic RF filtering of frequency-swept RF signals for spread spectrum applications and systems.
The remainder of this paper is organized as follows. Section II describes our dual-comb RF photonic filter using a differential detection technique. In Section III, we present the concept of the dynamic RF filtering for ultrabroadband RF spread spectrum applications. The experiments and results are presented in Section IV. Section V describes practical considerations related to the dual-comb RF filtering scheme. Finally, we conclude this paper in Section VI.
II. DUAL-COMB RF PHOTONIC FILTER
Figs. 1 and 2, respectively, show the configuration and a photo of the dual-comb RF photonic filter using differential detection. This filter configuration is based on our previous work on RF photonic filters reported in [33] and [34] . The novelty of our current implementation is that for the first time, we are able to simultaneously achieve attractive features shown separately in our previous filter designs, such as rapid frequency tuning in [33] and good RF metrics and frequencyindependent RF gain in [34] . As shown in Fig. 1 , we adopt the dual-comb configuration originally proposed in [33] for rapid frequency tuning. The dual-comb configuration enables high-speed optical delay control and thus results in rapid filter frequency tuning on tens of nanosecond time scales. In addition, double-sideband modulation with suppressed carrier (DSB-SC) modulation and differential detection are used [34] . These techniques significantly suppress intensity noise, generating from the laser and optical amplifiers, and thus provide good RF metrics. In addition, the DSB-SC modulation solves large RF gain variations with respect to the filter center frequency, which was a problem of our previous comb-based filter designs with single-sideband modulation implemented by a single-sideband modulator and a periodic optical notch filter.
The dual-comb configuration consists of two EO frequency comb sources each having two phase modulators and one intensity modulator, additionally a high-speed and voltagecontrolled RF phase shifter and an RF synthesizer [33] . A continuous-wave laser signal is split by an optical splitter and then directed to the two EO frequency comb sources. An RF tone is generated by an RF synthesizer, split by an RF power divider, and used to drive the two EO frequency comb sources. The high-speed voltage-controlled RF phase shifter connected to one of the RF power divider outputs is used at the RF input to one of the EO combs. Fig. 3 shows spectra of nearly identical optical frequency combs generated by the two EO comb sources. The RF phase shift in the RF phase shifter introduces an optical delay difference between the two optical frequency combs [33] . As a result, the tuning speed of our scheme depends on that of the RF phase shifter. The two frequency combs are identically shaped by the pulse shapers and amplified by the erbiumdoped fiber amplifiers (EDFAs). The MZM biased at the minimum transmission is used in the lower arm, in which both the optical carriers and intensity noise coming from EDFA2 are suppressed. The delayed comb from the upper arm of the interferometer and the comb modulated by the RF signal of interest in the lower arm of the interferometer are controlled to have orthogonal polarizations and combined by a polarization beam combiner. The polarization-multiplexed signals are passed through a dispersive element and directed to a polarization beam splitter. The single dispersive element with polarization multiplexing is used to provide two nearly identical signal paths for differential detection [34] . Note that the principal axes of the polarization beam splitter following the dispersive element are aligned to have an angle of 45°to the polarization state of the signals coming from either the upper or lower arm of the interferometer. In this way the signal from the upper arm alone or from the lower arm alone is suppressed upon detection by the balanced photodetector (BPD), whereas the beat signal arising from the interference between the upper arm field and the lower arm field yields two complementary outputs that add upon differential detection.
The filter transfer function of this scheme can be expressed as [16] , [34] 
( 1) where P n is the RF amplitude of the n th tap, produced by beating the n th optical carrier and n th optical sideband; ω is the comb spacing (i.e., optical pulse repetition rate); ψ 2 is the coefficient for the second-order phase; τ is the delay difference between the two interferometer arms; and ϕ n represents the phases applied to n th optical comb line with the pulse shaper. Because the MZM generates optical double sidebands, there are two filter passband terms within one filter free spectral range (FSR = 1/T , where T is the filter differential tap delay), pointed out by the ± sign in (1) [34] . In (1), the first phase terms indicate that there are filter passbands due to the differential tap delay (T = ψ 2 ω), originating from the second-order dispersion of the dispersive element. Furthermore, the filter center frequency is tunable by varying the delay difference (τ ). Due to the opposite sign, the two filter passbands are shifted in opposite directions. When the Nyquist zone (i.e., half of comb repetition rate) is wider than the filter FSR, the filter tuning range is limited by FSR/2 due to the optical double sidebands generated by the DSB-SC modulation. Using single sideband with suppressed carrier (SSB-SC) modulation that can be implemented by a dual-parallel MZM, the filter tuning range can be increased by a factor of two to the filter FSR.
As discussed before, the dual-comb filtering scheme adopts techniques to improve RF performance, such as DSB-SC modulation and differential photodetection, utilized in the singlecomb filtering scheme [34] . However, due to the different comb configuration, the RF gain expression of the single-comb filtering scheme cannot be used in the dual-comb filtering scheme. Thus, we derive the RF gain of the dual-comb filtering scheme through the same way presented in [34] . The peak RF gain in the filter passbands can be expressed as
where P 1 and P 2 are the total optical powers at the outputs of the EO comb sources; α S1 and α S2 are the loss factors of the pulse shapers; g A1 and g A2 are the gain factors of the EDFAs; α M and α F are the loss factors of the MZM and dispersive element, respectively; κ is the responsivity of the BPD; R is the impedance; and V π is the half-wave voltage of the MZM. Using the total output photocurrent (I DC ), we can rewrite the peak RF gain as
where
is the ratio of the optical power at the MZM output (the lower arm of Fig. 1 ) to the optical power at the EDFA1 output (upper arm). ε is the ratio of minimum to maximum transmission of the MZM, which corresponds to a typical MZM extinction ratio specification.
In previous RF photonic filtering and link schemes, various techniques using low biasing [38] , optical filtering [39] , and asymmetric input split ratio of an interferometer [34] have been used. Because these techniques suppress the optical carrier, the optical carrier-induced intensity noise is reduced. As a result, the noise figure can be improved. In addition, at fixed photocurrent, these techniques can increase RF gain by reducing the optical carrier to sideband power ratio (assuming that fixed photocurrent can be maintained, the optimum ratio is η = 1). In our scheme, since the optical carrier and sideband paths of the interferometer are separated, we can independently control the power of the optical carriers and sidebands through the optical gain of the EDFA1 and EDFA2, respectively. Note that all RF powers at the output of the BPD are reduced by a factor of four since the BPD has an internal matching resistor for maximum power transfer to a matched load and improved bandwidth [40] . However, photodetectors without the internal matching resistor are used to produce more power in some applications. Thus, the RF gain expression without the effect of the internal matching resistor has been used in RF photonics [31] , [34] , [40] , [41] . All the numbers shown in this paper for output photocurrent, RF gain, and noise PSD refer to the values before the internal matching resistor. In other words, to account for the internal matching resistor, 6 dB is added to the power measured at the BPD output.
III. CONCEPT OF DYNAMIC RF FILTERING FOR ULTRABROADBAND RF SPREAD SPECTRUM SIGNALS
We now describe the concept of dynamic RF filtering for ultrabroadband RF spread spectrum signals with instantaneous frequency content that changes dynamically with time. For example, a frequency-hopped RF signal, where the center frequency of a narrowband channel is rapidly switched, is one type of dynamic RF signal. A narrowband tunable RF filter is required to track and filter out the frequency-hopping signal. This is a well-known example of dynamic RF filtering. Here, we propose another novel example for dynamic RF filtering of a chirped spread spectrum signal; such chirped signals have been widely used in various RF spread spectrum applications [1] . As shown in Fig. 4(a) , the instantaneous frequency of an up-chirp signal is increased from f 1 to f 4 , as time increases from t 1 to t 4 . Fig. 4(b) shows the instantaneous signal spectra and filter responses, showing the dynamic RF filtering process for the up-chirp signal. A narrowband tunable RF filter tracks and filters out the instantaneous signal frequency components. Unlike a conventional fixed wideband filtering approach, the dynamic RF filtering efficiently processes the up-chirp signal. In other words, it can suppress the noise or interference presented in a signal bandwidth. As a result, the SNR can be improved in harsh wireless environments where noise or interference is severe. A similar concept to dynamic RF filtering was proposed to filter out optical chirp pulses and to suppress amplified spontaneous noise through tunable optical filtering in chirped pulse amplification optical systems [42] . However, this concept was not presented for RF applications. To the best of our knowledge, here we physically implement and demonstrate submicrosecond dynamic RF filtering of multigigahertz RF chirp signals for the first time.
There are several considerations of tunable RF filters for dynamic RF filtering. First, the tunable RF filters should be faster than the signal frequency change. Second, constant filter characteristics over a large frequency tuning range are 
IV. EXPERIMENT AND RESULTS
In this section, we first specify further details on the filter construction and then report the experimental results on the filter under static and dynamic operating conditions. Our implementation of the filter configuration of Fig. 1 starts with a continuous-wave laser with ∼2-W power that is split to feed two EO comb generators, each comprising two phase modulators and one intensity modulator driven by a constant 15-GHz RF tone. Each EO comb provides an output power of approximately 16 dBm. The half-wave voltage and extinction ratio of the MZM (EOSPACE AZ1x2-8K8-20) in the lower arm of the interferometer are 3 V at 1 GHz and 20 dB, respectively. In this experiment, the optical carrier to sideband power ratio η is approximately 0.08. The dispersive element is a length of dispersion compensating fiber (DCF) with −400 ps/nm dispersion, which results in a filter FSR of 21.2 GHz. (For the jamming experiment, the DCF dispersion is changed to −1654 ps/nm, which results in a filter FSR of 5.23 GHz.) The EDFAs in the upper and lower interferometer arms compensate for the losses of optical components subsequent to the EO comb generators. In conjunction with the relatively high power provided at the output of the comb generators, this yields a photocurrent of ∼17 mA at the BPD (Discovery Semiconductors DSC720-HLPD), sufficient to obtain an RF gain near unity. The common mode rejection ratio at the output of the BPD is >30 dB after matching the optical powers and the lengths of the fiber leads connecting to the two inputs of the BPD. This provides sufficient suppression of the noise introduced in the EDFAs to achieve noise figures on the order of 25 dB, similar to what we reported in our previous work using a single input comb with balanced detection [34] and much better than what is often achieved with RF photonic filters. Examples of RF metrics are given in Table I .
A. Filter Characteristics
Compared with other schemes such as electronic filters and photonics-based schemes using high-Q optical resonators, filter passband programmability is a unique advantage of comb-based RF photonic filters. This advantage is achieved because of the finite impulse response filter design, with filter coefficients easily controlled by the programmable pulse shaper. We have experimentally demonstrated the programmability of the filter passband in the single-comb filtering scheme using a single photodetector [16] , [32] . However, RF performance metrics, e.g., RF gain, were not investigated in these studies. Here, we evaluate and compare RF metrics for different passband shapes in the dual-comb filtering scheme using differential detection. To show filter passband programmability, programmable pulse shapers (Finisar WaveShaper 1000S) are used to make different comb shapes with 29 comb lines. Fig. 5(a), (c) , and (e) shows optical spectra at the output of pulse shaper1 for flat-top, Gaussian, and Sinc (with Kaiser window [32] , [43] ) shapes, respectively. The output comb shapes of both pulse shapers are close to identical. For the Sinc comb shape case, optical phases are applied in pulse shaper 2 to have 180°difference between the mainlobe and sidelobes. Based on (1), there is a Fourier transform relationship between the comb shape and filter passband shape. As a result, as shown in Fig. 5 , the combs with flat-top, Gaussian, and Sinc shapes result in filter passbands with Sinc, Gaussian, and flat-top shapes, respectively. The measurements for the filter transfer function and RF gain agree with simulation calculated by (1) and (3), except for stopband suppression in the flat-top filter passband case as shown in Fig. 5(f) . The stopband attenuation level difference of 7.5-13 dB between simulation and measurement may be caused by imperfect amplitude and phase errors in the control of the taps [32] . For different filter passbands, the RF gain is >0 dB with 1-dB variation. There is no significant change in the RF gain. It is because the saturated output powers of EDFA1 and EDFA2 produce the same photocurrent although shaping losses in the pulse shapers are slightly different for all filter passband cases. Note that the RF gain of the flattop filter passband is ∼1 dB lower than that of other filter passbands due to the use of negative filter tap coefficients. The filter characteristics for the different filter passbands are summarized in Table I . The output noise variation for different filter passbands is 2 dB due to different apodization losses of the pulse shapers. As a result, noise figure variation among the different filter passbands is less than 3 dB. The 3-dB bandwidths, related to the comb shapes, are 0.7, 1.3, and 2.8 GHz for the Sinc, Gaussian, and flat-top passbands, respectively. Among the filter passbands, the Gaussian passband case has the largest sidelobe suppression (>30 dB).
Recently, Kim and Weiner [44] reported on intermodulation distortion characteristics of the filtering scheme using singlecomb configuration and differential detection. A third-order spurious-free dynamic range (SFDR3) of 108.2 dB·Hz 2/3 at a filter center frequency of 4 GHz at an output photocurrent of ∼20 mA was achieved, with variation <1.2 dB for filter center frequencies from 2 to 7 GHz. Here we briefly report on the SFDR3 results of the dual-comb filtering scheme using differential detection. A two-tone test with the Sinc filter passband was performed to evaluate linearity of our scheme. Both the filter center frequency and two-tone center frequency were set to 4.7 GHz. The two-tone spacing was 10 MHz. The third-order intermodulation tones (IM3s) at 4.695 and 4.705 GHz were generated at the filter output. As shown in Fig. 6 , the electrical output power of the fundamental tone and IM3 increased with slopes of 1 and 3, respectively, as the input electrical power of the two tones increased. The SFDR3 of the dual-comb filter scheme is 107 dB·Hz 2/3 , which is similar to the value achieved with the single-comb filter scheme. The SFDR3 is limited by photodetector nonlinearity at a high photocurrent level [44] . Fig. 7(a) shows the relationship between the filter center frequency and the control voltage to the RF phase shifter. As the control voltage is increased, the filter frequency is linearly increased with a slope of ∼6.94 GHz/V. Compared with a linear fit (black solid line), the measured tuning relationship (open symbols) has a standard deviation of 45 MHz. Because the required voltage to tune the filter frequency from 1 to 8 GHz is ∼1 V, the full frequency tuning of filter FSR (21.2 GHz) requires <3 V. This indicates that the control voltage requirement of our scheme is much lower than those of varactor-and MEMS-based filters (<120 V) [11] . Due to the low control voltage and linear relationship between the control voltage and filter frequency, the filter frequency control is simplified. Fig. 7(b)-(d) shows the static filter frequency tuning for the different filter passbands with Sinc, Gaussian, and flat-top shapes, respectively. Tuning the filter center frequency from 2 to 7.4 GHz, the RF gain variations for the Sinc, Gaussian, and flat-top passband cases are <0.1, <0.5, and <1.3 dB, respectively. (Please note that although the filter frequency response is measured up to 10 GHz, the spurious-free frequency range comprising one Nyquist zone is only 0-7.5 GHz.) In addition to the filter characteristics with the static tuning, as shown in Fig. 8 , we evaluate the tuning speed of our scheme with dynamic tuning control. Two RF tones at 1.65 and 4.2 GHz are generated and directed to the dual-comb RF photonic filter with the Gaussian filter passband. The control voltage to the RF phase shifter is a 5-MHz square wave that tunes the filter back and forth between the two input frequencies. When the filter frequency is switched from 1.65 to 4.2 GHz, the transition time is ∼20 ns.
B. Dynamic RF Filtering for RF Spread Spectrum Applications
Using our dual-comb RF photonic filter with the Gaussian filter shape, we first demonstrate processing of a frequencyhopped signal. Fig. 9 shows the input signal, output signals under different filter tunings, and corresponding normalized spectrograms. Spectrograms are an example of a joint timefrequency distribution, an analysis tool used to characterize signals for which the frequency content is varying in time [45] . In order to obtain the spectrogram plots of Fig. 9 , we use a Gaussian gate function with 3-ns duration. An electronic RF arbitrary waveform generator provides a 2-μs duration input test signal, shown in Fig. 9(a) and (e), which overlays three distinct frequency-hopped waveforms. Within each 100-ns time interval, there are three distinct waveform types (one a single tone, one a 5-MHz/ns up-chirp, and one a −5 MHz/ns down-chirp) centered at three different RF frequencies (2, 4, and 6 GHz). The different waveforms types are chosen so that they can be easily distinguished in the spectrograms. Each waveform type may hop to a new center frequency at the start of each new 100-ns time interval, with the constraint that none of the waveforms are allowed to be at the same center frequency at the same time. Thus, the test signal may represent three different frequency-hopped communication channels sharing the same RF spectrum. The control voltages to the RF phase shifter, shown in Fig. 9(f)-(h) , have three voltage levels corresponding to the three hop frequencies. As shown in Fig. 9(b)-(d) , each waveform type is successfully tracked and selected using different control patterns. We see no evidence of hysteresis or memory effects in the filter tuning.
In another example, Fig. 10 shows the dynamic RF filtering of ultrawideband up-chirp and down-chirp signals. The filter shape is Gaussian. The Gaussian gate function of the spectrograms shown in Fig. 10 has 2 -ns duration. The input signals shown in Fig. 10(a) and (c) have an RF bandwidth of 3.5 GHz and a chirp rate of ±1.75 GHz/μs for the up-chirp and down-chirp, respectively. As shown in Fig. 10(f) and (h), simple ramp control signals with positive and negative slopes are used to track and filter out the chirp signals, respectively. As a result, up-chirp and down-chirp signals are tracked and filtered using simple control waveforms with different slopes. This indicates that our scheme provides rapid reconfigurability by changing the control signal. Note that the peak amplitude of the output waveforms is reduced by a factor of two compared with the input waveforms due to the internal matching resistor loss (6 dB) of the BPD.
In addition, we perform an experiment in which dynamic RF filtering of an up-chirp signal provides an SNR improvement for resistance against broadband noise jamming. To maximize the SNR improvement, we change the DCF dispersion from −400 to −1654 ps/nm, which results in a filter with FSR and 3-dB bandwidth reduced to ∼5.23 GHz and ∼200 MHz, respectively. Fig. 11 shows the experimental configuration. Fig. 12(a) shows the measured spectrum of the Gaussianshaped optical comb. Fig. 12(b) shows the filter amplitude response with the passband tuned to 4 GHz. In the experiment, the filter is tuned over one-half of the filter FSR, i.e., from approximately 2.6 to 5.23 GHz. Note that the RF gain is reduced to −7 dB due to the increased loss associated with the longer length of DCF. However, the RF gain reduction can be compensated by replacing the DCF with a low-loss highly dispersive fiber Bragg grating [46] . The input up-chirp signal generated from an RF arbitrary waveform generator has an RF bandwidth of 2.17 GHz at 3.92-GHz center frequency and a time duration of 100 ns as shown in Fig. 13(a) . Wideband noise is generated from cascaded RF amplifiers and filters with the input terminated in 50 and combined with the up-chirp signal. Fig. 12(c) shows the RF spectrum of the wideband noise, where the 6-dB noise bandwidth is 2.38 GHz at a center frequency of 4.1 GHz. At the output of the dual-comb RF photonic filter, an additional fixed electronic RF filter shown in Fig. 12(d) is used to remove unwanted spurious signals outside of the filter tuning range. The 3-dB bandwidth of the fixed electronic filter is 3.4 GHz. A real-time oscilloscope is used to record the filtered signals for offline analysis. Fig. 13 shows measured waveforms and their spectrograms at the input and output of the dual-comb RF filter. The Gaussian gate function used for the spectrograms shown in Fig. 13 has 4 -ns duration. First, we evaluate the SNRs from the measured waveforms on a real-time oscilloscope. As shown in the inset of Fig. 13(a) , without the noise, the input SNR is ∼22 dB. When the noise is added, the input signal is at most barely observable as shown in the inset of Fig. 13(b) , where the input SNR is −1.1 dB. The signal can be discerned from the spectrogram plot of Fig. 13(b) , but the strong noise background is equally apparent. The signal and noise are directed to the filter, and a triangular control waveform with 5-MHz period is applied to track the input up-chirp signal and filter out noise outside the instantaneous filter passband. In the spectrogram shown in Fig. 13(c) , the filter tracking trace is clearly observed due to the corresponding time-dependent variation of the noise frequency transmitted. The shape is identical to and shares the same repetition rate as the control signal shown in the inset of Fig. 13(c) . At the center of the spectrogram, the tracking path is exactly matched to the signal chirp. Thus, the dynamic RF filtering efficiently selects the signal component dynamically changing with time and suppresses the noise outside the instantaneous signal bandwidth. As a result, the output SNR is improved to approximately 9.86 dB, showing an SNR improvement of ∼11 dB.
Pulse compression of spread spectrum signals based on matched filtering has been widely used for RF applications in wireless communications and radar [1] , [2] , [4] . RF chirp signals, for example, are radiated from a transmitter and then compressed at a receiver via correlation processing. Compression may be performed using analog phase filters or Cross-correlations. Cross-correlation-1 is between the input waveform with noise and the reference waveform (the input chirp without added noise). Cross-correlation-2 is between the output of the dynamic filter when its input is the chirp waveform with additive noise and the same reference waveform (input chirp without noise). via cross-correlation with a stored reference waveform using a digital signal processor. Here we examine compression of the chirp signal considered in the experiments of Figs. 11-13, with and without dual-comb RF photonic filtering. Compression is performed offline using the time-domain data from Fig. 13 . Our results are shown in Fig. 14 . The blue dashed lines indicate cross-correlation-1 between the input waveform with noise and the reference-the input waveform without noise. The red lines indicate cross-correlation-2 between the output of the dynamic filter when its input is the waveform with noise and the reference waveform (again the input chirp signal without added noise). As shown in Fig. 14(a) , both cross-correlation traces shown on a linear scale appear to be symmetric and closely match. Thus, the compressibility of the chirp signal is not degraded by the dual-comb RF filter; no significant signal distortion is introduced during the dynamic RF filtering process. Fig. 14(b) and (c) shows the square of the computed cross-correlation traces on a logarithmic scale. Here we clearly observe that the compression result for the dynamically filtered chirp has much lower noise background than is observed for the unfiltered chirp plus noise. The difference in the background noise power level in time in Fig. 14(b) and (c) is close to the value of the SNR improvement reported above. Thus, the dynamic RF filtering technique as described here may be viewed as complementary to pulse compression, in that the SNR enhancements available individually from dynamic filtering or pulse compression when either is used alone appear to add when both techniques are used together.
Further enhancements should be possible if filtering is performed using combs with larger optical bandwidth. In the present experiments, the bandwidth of the EO comb is approximately 0.44 THz. However, similar combs with approximately five times larger optical bandwidth have been recently reported [29] , [47] . Adopting such a wideband EO comb for our RF photonic filter with the parameters of the jamming experiment, the filter bandwidth should be reduced by a factor of five to about to 40 MHz. In this case, the quality factor of the filter would be approximately 200. The use of SSB-SC modulation in our filtering scheme should increase the filter tuning range by a factor of two. The combination of these two techniques should enable another 10-dB improvement in noise suppression compared with the results reported above.
V. DISCUSSION
Here we briefly discuss several considerations relevant to practical applications. First, the bias point of the MZM may drift or be shifted by environmental changes, e.g., temperature. In our experiments, the effect of the bias drift was small for short-term measurements (10 min) [48] . However, over long time periods, the MZM bias point may deviate significantly from minimum transmission, increasing the filter baseband response and the intensity noise. Thus, for long-term operation, a bias controller is recommended to prevent MZM bias drift [48] .
Second, micrometer scale length variations in our fiberbased interferometer lead to variations of the relative optical phase of the two interferometer arms. Such variations are converted into variations of the RF phase upon photodetection (without, however, significantly changing the RF filter response). If low-frequency RF phase fluctuations are not acceptable, then the interferometer needs stabilization. This can be achieved using a piezo controller inside the interferometer, similar to the stabilization of the fiber-based interferometer used for RF arbitrary waveform generation in [49] , or through integration.
Finally, translation of our scheme to integrated photonics would substantially benefit stability and would be highly desirable to reduce the physical footprint and cost. Indeed, photonic integration has assumed a prominent role in microwave photonics research within the last few years [50] , [51] . Integration of a structure as complex as that shown in Fig. 1 is challenging and will not happen immediately. However, progress in the field of integrated photonics is rapid [52] , [53] . Here we briefly mention progress in the integration of two of the more complex optical functionalities needed for our RF photonic filtering scheme, the comb generators and the pulse shapers. For the comb generation functionality, nonlinear wave mixing mediated by the optical Kerr effect within a high quality factor microresonator pumped by a single-frequency laser is promising [54] . Such Kerr combs have been demonstrated to provide dozens to hundreds of comb lines at repetition rates of tens to hundreds of gigahertz (high repetition frequency is an advantage for RF photonic filtering) with low noise and high optical coherence. RF photonic filter experiments using Kerr combs generated from optical microresonators fabricated on silicon photonic chips have been reported in [55] and [56] ; wavelength-division multiplexed coherent optical communications experiments have also been reported using combs generated from such chip-scale microresonators [57] . Tuning schemes for such Kerr combs, which are relevant to achieving RF filter tuning in RF photonic filter implementations, are now beginning to be explored [58] . In addition, a number of papers discussing integrated pulse shapers have been reported [59] - [64] , with material platforms including silica [59] , silicon [60] , and InP [61] - [64] . Pulse shapers fabricated in silica have been demonstrated with up to 64 channels with both amplitude and phase controlled thermooptically, providing millisecond-scale reprogramming [62] . InP platforms offer the potential for much faster response as well as on-chip optical amplification. In one recent experiment, reconfiguration of a 32-channel amplitude pulse shaper was demonstrated with submicrosecond reprogramming time [64] . With such speeds available, reconfiguration of RF photonic filter responses will become possible via direct reprogramming of the pulse shaper itself (see [65] for a preliminary demonstration).
VI. CONCLUSION We demonstrate a dual-comb RF photonic filter with differential detection for ultrabroadband RF spread spectrum applications. This scheme provides several advantages. First, the dual-comb configuration enables fast frequency tuning on the order of tens of nanoseconds. Second, the filter optimization with differential detection improves filter RF performance. Third, our scheme has a wide filter tuning range and constant filter characteristics. Finally, low control voltage requirement and linear relationship between the control voltage and filter frequency simplify filter frequency control. Using this scheme, we demonstrate submicrosecond dynamic RF filtering of frequency-swept or frequency-hopped signals.
In the presence of ultrawideband jamming noise, the dynamic RF filtering with a chirp signal improves the SNR by ∼11 dB. These results show interesting potential for ultrabroadband frequency-agile RF applications.
